We have previously shown that formation of a 1:1 fully wrapped complex of Escherichia coli SSB tetramer with (dT) 70 displays a temperature-dependent sign reversal of the binding heat capacity (ΔC P ). Here we examine SSB binding to shorter oligodeoxynucleotides ((dX) 35 ) to probe whether this effect requires binding of one or two (dX) 35 molecules per SSB tetramer. We find that the ΔC P for the first molecule of (dX) 35 is always negative. However, a sign reversal of ΔC P from negative to positive occurs with increasing temperature for binding of the second (dX) 35 . This striking behavior of ΔC P for the second (dX) 35 appears linked to conformational changes within the ssDNA-SSB complex that are required to form a fully wrapped (SSB) 65 binding mode. These results also underscore that binding heat capacities of macromolecular interactions have multiple origins that cannot be understood simply on the basis of examining static structures.
Introduction
Single stranded (ss)DNA binding proteins (SSBs) play essential roles in DNA replication, recombination and repair [1] . These proteins bind selectively to ssDNA with high affinity and little sequence specificity, functioning to stabilize and protect ssDNA intermediates that form during DNA metabolism. SSB proteins also bind directly to an array of enzymes and proteins in order to bring those proteins to their sites of function on DNA [2] . The Escherichia coli ssDNA binding protein (EcoSSB) is the most studied representative of the large class of SSB proteins that are typically found in bacteria [3, 4] . Most bacterial SSB proteins are tetrameric as is the case for EcoSSB and contain one oligonucleotide/oligosaccharide binding fold (OB-fold) per subunit, where each OB-fold contains an ssDNA binding site [4] [5] [6] .
Due to the presence of its four potential ssDNA binding sites, the EcoSSB tetramer can bind to long, polymeric ssDNA in multiple binding modes that differ by the amount of ssDNA that is wrapped around the tetramer. Two of the major binding modes, denoted (SSB) 35 and (SSB) 65 differ by the number of subunits, either two or four, respectively, that interact with ssDNA with corresponding occluded site sizes of~35 and 65 nucleotides [7] . The relative stabilities of these binding modes are influenced by salt concentration type and valence and protein binding density [7] [8] [9] [10] [11] [12] . At moderate to high salt concentrations (≥0.2 M NaCl) EcoSSB forms exclusively the (SSB) 65 binding mode, whereas at low salt concentrations (≤20 mM NaCl) and high ratios of protein to DNA the (SSB) 35 binding mode is favored. In the (SSB) 35 binding mode, tetramers can bind to ssDNA with high "unlimited" inter-tetramer cooperativity [7, 8, 10, [12] [13] [14] [15] . In the (SSB) 65 mode, tetramers bind with little cooperativity or at most can form dimers of tetramers (octamers) [9, 10] . Fig. 1 shows models for how ssDNA wraps around the SSB tetramer in both the (SSB) 65 and (SSB) 35 binding mode suggested based on xray crystal structures of two molecules of (dC) 35 bound to a Cterminal truncation of SSB, SSBc, in which the last 42 amino acids of each subunit are missing [6] . The tetrameric ssDNA binding core is comprised of four subunits (N-terminal residues 1-112), containing the four OB-folds. In the proposed (SSB) 65 structure (Fig. 1A) , 65 nucleotides of ssDNA wrap around all four subunits using a topology similar to the stitching on a baseball, such that the 5′ and 3′ ends of the ssDNA enter and exit the tetramer in close proximity. The proposed ssDNA wrapping in the (SSB) 35 binding mode (Fig. 1B) is more speculative and is based on the observation that in several crystal structures, adjacent SSB tetramers form an interface through the socalled L 45 loops and the assumption that this interface is involved in the inter-tetramer cooperativity on ssDNA [5, 6, 16] . In this mode 35 nucleotides of ssDNA interact with an average of 2 subunits and the ends of ssDNA enter and exit an SSB tetramer on opposite sides near the L 45 loops.
The four C-termini of the SSB tetramer (residues 112-177) are unstructured even when SSB is bound to ssDNA [16] . The last [8] [9] [10] amino acids in these C-termini serve as the primary sites to which more than a dozen other proteins bind to SSB [2, 17] . These C-terminal tails can also interact with the SSB ss-DNA binding core and inhibit ssDNA binding [18] . Even though SSB tetramers bind with very high affinity to ssDNA, individual SSB tetramers can diffuse along ssDNA while in the (SSB) 65 binding mode [19] .
Equilibrium studies of EcoSSB binding to both ss polydeoxynucleotides and oligodeoxynucleotides have been extensive (reviewed in Refs. [4, 14] ). The DNA binding sites on an SSB tetramer can be saturated with one molecule of (dX) 70 (X= T, C or A) or two molecules of (dX) 35 . As such, an SSB-(dT) 70 complex has been used as a model for the (SSB) 65 binding mode whereas a 1:1 SSB-(dT) 35 complex has been used as a model for the (SSB) 35 mode [12, 17, [20] [21] [22] [23] [24] [25] [26] [27] . The binding of two (dX) 35 molecules to SSB occurs with intra-tetramer negative cooperativity, which is strongly dependent on salt concentration and nucleotide base type [20] [21] [22] [23] [24] . The thermodynamics of forming an SSB tetramer bound to two molecules of (dX) 35 are very similar to the thermodynamics of forming a 1:1 SSB-(dT) 70 complex [23] . Hence, current evidence suggests that both complexes serve as useful models for a fully wrapped (SSB) 65 complex. Although at moderate and high salt concentrations (N0.2 M) SSB always binds in the (SSB) 65 mode (1:1 complex with (dX) 70 ) independent of protein to DNA ratio, at lower salt concentrations two SSB tetramers can bind to (dX) 70 at high protein to DNA ratios, presumably in an (SSB) 35 -like mode [15] .
Isothermal Titration Calorimetry (ITC) has been used to study the energetics of SSB binding to (dX) 70 and (dX) 35 as a function of solution conditions and temperature [23] [24] [25] 27, 28] . The binding thermodynamics are complex with contributions from multiple linked equilibria that accompany SSB-DNA binding. Among these are the linkage of cation and anion binding [23, 27, 28] , protonation [25] , and conformational transitions within DNA [24] and protein [27] .
In previous studies we investigated the thermodynamics of forming 1:1 SSB:(dT) 70 complexes as a model for the (SSB) 65 binding mode. We observed very large effects of salt concentration and type on both the binding enthalpy (ΔH obs ) and heat capacity (ΔC p,obs ). We also observed a dramatic and rarely observed effect of temperature on ΔC p,obs such that it changed sign as a function of temperature (ΔC p, obs b 0 at T b 35°C and ΔC p,obs N 0 at T N 35°C). To explain this behavior we suggested that the SSB protein and SSB-DNA complex undergo temperature dependent conformational transitions modulated by weak binding of anions to the free SSB, which are released upon binding ssDNA. As mentioned above, a 1:1 fully wrapped SSB-(dT) 70 complex is formed exclusively at monovalent salt concentrations ≥ 0.2 M [12, [21] [22] [23] 26, 27] . Hence, one is limited to studying this system at these higher salt concentrations. Here we have examined the binding of (dX) 35 (X = T or C) to an SSB tetramer, which enables us to extend those studies to lower salt concentration. This also allows us to examine the thermodynamics of SSB tetramer binding to one vs. two molecules of (dX) 35 . Our results show that the observed reversal in sign of the binding heat capacity occurs only for binding of the second molecule of (dX) 35 to an (SSB-(dX) 35 complex and is consistent with a conformational change that is required to form a fully wrapped (SSB) 65 complex. Along with our previous studies [24, 25, 27] these results indicate that there can be multiple origins for heat capacity changes and that these cannot be understood simply by calculating changes in accessible surface area from static structures.
Materials and methods

Reagents and buffers
All solutions were prepared with reagent grade chemicals and glass distilled water that was subsequently treated with a Milli Q (Millipore, Bedford, MA) water purification system. Buffer T is Tris (tris(hydroxymethyl) aminomethane), buffer H is Hepes (4-(hydroxyethyl)-1-piperazineethanesulfonic acid). All buffer concentrations were 10 mM and contained 0.1 mM Na 3 EDTA (ethylenediaminetetraacetic acid). The concentrations of NaF, NaCl and NaBr in each buffer are specified in the text. The pHs of the buffers were adjusted to 8.1 at 25°C by titrating with 5 M NaOH (Hepes) or 5 M HCl (Tris). Since the pK a and ΔH ion of the buffers are dependent on temperature, the final pH of the solution and ΔH ion of the buffers were calculated for each particular experimental temperature, T, as described [25, 29] using the following reference values (25°C): pK a =7.45; ΔH ion =5.02 kcal/mol and ΔC p,ion =12 cal/mol K (Hepes) [29] and pK a =8.06; ΔH ion =11.34 kcal/mol and ΔC p,ion =−17 cal/mol K (Tris) [30] . For experiments performed at different temperatures (5-40°C), the resulting pH of the buffers varied over this temperature range from 8.7 to 7.8 for Tris and 8.4 to 8.0 for Hepes, respectively. The error in calculating the pH for a particular experiment is within ±0.1 pH unit as estimated based on direct measurements of the pH of the buffer at several temperatures.
E. coli SSB protein and nucleic acids
SSB protein was purified as described [31] with the addition of a double stranded DNA cellulose column to remove a minor exonuclease contaminant [32] . SSB protein concentration was determined spectrophotometrically in buffer T in the presence of 0.2 M NaCl using the extinction coefficient, ∈ 280 = 1.13× 10 5 M − 1 (tetramer) cm − 1 [7] . The SSB tetramer is stable at all protein concentrations, NaCl, NaBr and NaF concentrations [15, 23, 33] and studied temperatures [27] . The oligodeoxynucleotides, (dT) 35 and (dC) 35 were synthesized and purified as described [15] and were ≥98% pure as judged by denaturing gel electrophoresis and autoradiography of a samples that were 5′ endlabeled with 32 P using polynucleotide kinase. Concentrations of (dT) 35 and (dC) 35 were determined spectrophotometrically in buffer T (pH 8.1), 0.1 M NaCl using the extinction coefficients, ∈ 260 = 8.1× 10 3 M − 1
(nucleotide) cm − 1 [34] and ∈ 269 = 7.6 × 10 3 M − 1
(nucleotide) cm − 1 [35, 36] , respectively.
Isothermal titration calorimetry (ITC)
ITC experiments were performed using both an OMEGA titration microcalorimeter and VP-ITC titration microcalorimeter (MicroCal Inc., Northhampton, MA) [37] . Generally, experiments were carried out by titrating SSB solutions (0.3-1.4 μM tetramer) with oligodeoxynucleotide (generally stock concentrations ranging from 5 to 30 μM). The heats of dilution were usually obtained from a reference titration in which DNA in the syringe is titrated into the cell containing only buffer solution. All SSB and oligodeoxynucleotides samples were dialyzed Fig. 1 . The topologies of ssDNA wrapping around SSB tetrameric core in (SSB) 65 (A) and (SSB) 35 (B) binding modes suggested based on the crystal structure of two molecules of (dC) 35 bound to SSB [6] . The 65 and 35 nucleotides long ssDNA is shown in orange. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) extensively against the corresponding buffer at the indicated salt concentration that was used in each ITC experiment.
An SSB tetramer binds two molecules of (dX) 35 [20, 21] . As in the previous studies [23] [24] [25] 
M tot ð1aÞ
In Eq.
(1) -X tot and M tot are the total concentrations of the ssDNA and SSB (macromolecule), respectively, in the calorimetric cell after the i-th injection. Non-linear least squares fitting of the data was performed using the "ITC Data Analysis in Origin" software provided by the manufacturer. The conversion of integral heats (Q i tot ) to differential heats (heats per injection observed in the experiment) and the fitting routine including corrections for heat displacement effects and ligand and macromolecule dilutions in the calorimetric cell were performed as described [23] (see also the ITC Data Analysis in Origin Tutorial Guide (Microcal Inc.)).
For the two step reaction including binding and conformational transition shown in Scheme 1 the observed equilibrium constant and corresponding observed enthalpy change can be expressed as in Eqs. (2) and (3):
Where K 2 , ΔH 2 and K*, ΔH* are the binding parameters corresponding to the first and the second step in Scheme 1. Data shown in Fig. 7A and B were globally fit to Eqs. (2) and (3), assuming no dependence of ΔH 2 and ΔH* on temperature (ΔCp 2 = ΔCp* = 0), so the temperature dependences of K 2 and K* can be expressed as in Eq. (4):
Where R is the gas constant and
These and all additional fittings and simulations were performed using the nonlinear regression package in Scientist (MicroMath Scientist Software, St. Louis, MO). All uncertainties reported are at the 68% confidence level (one standard deviation).
Results
3.1.
The binding heat capacity (ΔC P,obs ) for SSB-(dT) 35 binding at low salt concentration shows a sign change for the binding of the first vs. the second DNA molecule One SSB tetramer can bind two molecules of (dX) 35 (where X = T,A or C), although with negative cooperativity that decreases with increasing monovalent salt concentration and is dependent on the salt type and the nature of the base [20] [21] [22] . Using isothermal titration calorimetry (ITC) we examined the binding of two (dT) 35 molecules to SSB at low concentrations of NaF, NaCl and NaBr from~7 to~50°C. Fig. 2 shows typical isotherms obtained in buffer H (0.1 mM EDTA, 20 mM NaCl) at 12°C, 25°C and 37°C. In each isotherm, the first molecule of (dT) 35 binds to the SSB tetramer with very high affinity (stoichiometrically), such that only ΔH 1,35,obs can be estimated from the flat portion of the isotherm at [(dT) 35 ] tot /[SSB] tot ≤1; no information on the equilibrium constant is obtainable. The binding of the second molecule of (dT) 35 is much weaker at all temperatures, as reflected by the more slanting character of the isotherm at [(dT) 35 ] tot /[SSB] tot ≥1. These titrations also show that the affinity of SSB for the second (dT) 35 decreases as the temperature increases. At 37°C binding of the second (dT) 35 is not detectable under these conditions.
Titrations at different temperatures were performed in Na + salts with different anions (NaCl, NaBr and NaF) to obtain k 1,35,obs ΔH 1,35,obs and k 2,35, obs , ΔH 2,35,obs , the microscopic binding constants and enthalpy changes for the binding of the first and the second molecules of (dT) 35 , respectively. Each titration was fit to a two sequential sites binding model (Eq. (1) in Materials and methods), although we note that in all cases k 1,35,obs is too high (
) to be determined with reliability. The estimates of ΔH 1,35,obs and ΔH 2,35,obs , as well as lnk 2, 35 ,obs at 20 mM NaF, NaCl and NaBr are plotted in Fig. 3A and C, respectively. At low temperatures binding of the first (dT) 35 shows a large and negative ΔH 1,35,obs , which decreases gradually (almost linearly) with increasing T (ΔC P,1 b 0) (Fig. 3A) . Binding of the second (dT) 35 shows a much larger negative binding enthalpy~− (15) (16) (17) (18) (19) (20) kcal/mol more favorable at T b 15°C. However, as T increases above 20°C, ΔH 2,35,obs increases nonlinearly (ΔC P,2 N 0) intersecting with ΔH 1,35,obs , at T~28°C. Determination of ΔH 2,35,obs at T N 32°C in these conditions becomes more difficult because Scheme 1. Kozlov and Lohman. (cyan circles). Reference titrations of (dT) 35 into the buffer at different temperatures (shown in open circles) are comparable and provide very low heat responses. Binding isotherms demonstrate biphasic behavior indicative of sequential binding of two (dT) 35 with negative cooperativity, with the first (dT) 35 molecule binding stoichiometrically, for which the affinity cannot be estimated and the second one binding with lower affinity, decreasing with increasing temperature, such that at 37°C its binding is not detectable. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
of the very steep decrease in k 2,obs with increasing T (Fig. 3C ). It appears that there is no effect of anion type on ΔH 1,35,obs , ΔH 2,35,obs (Fig. 3A) or k 2,35,obs (Fig. 3C ). This agrees with our previous studies of SSB binding to (dT) 70 [23, 27] Fig. S2 ) is quite similar to that observed for ΔH 70,obs for SSB binding to (dT) 70 in 0.2 M NaF over the same temperature range [27] . Binding of (dT) 35 to SSB is accompanied by a net protonation of the SSB [24, 25, 27] . We have previously studied these linked protonation reactions for SSB binding to (dT) 35 at constant temperature by varying pH and salt concentration [25] . In the current study we observe that uptake of protons occurs upon binding both molecules of (dT) 35 Fig. S1 ). Corrections for these protonation effects have been applied as described in Supplementary materials and show that these protonation effects cannot explain the very different trends in the temperature dependences of ΔH 1,35,obs and ΔH 2,35,obs (see Discussion).
Upon increasing the salt concentration to 40 mM (Fig. 3B ) the influence of anion type becomes noticeable (ΔC P,1,NaBr b ΔC P,1, NaCl b ΔC P,1,NaF ), although there is still only a slight effect of anion type on ΔH 2,35,obs . The dependences of ΔH 2,35,obs on T at 40 mM are similar to those observed at 20 mM, although the temperature at which ΔH 2,35,obs starts to increase (decrease in magnitude) is higher (N30°C). It also appears that at 40 mM salt concentration the binding of the second (dT) 35 may be slightly more (~5-10 kcal/mol) favored enthalpically. This is consistent with a previous observation of a increase in the magnitude of ΔH 2,35,obs of~10 kcal/mol upon increasing the NaCl concentration from 10 to 50 mM at constant temperature (25°C) [23] .
At both 20 and 40 mM salt concentrations the van't Hoff plots of lnk 2, 35 ,obs are essentially linear with little effect of anion type (Fig. 3C) , although the values of k 2,35,obs are shifted upward by~10-fold at 40 mM. This is due to the decrease in negative cooperativity for binding of the second (dT) 35 at the higher salt concentration [20, 21, 23 ]. 35 to SSB at low salt concentrations is similar to that observed for (dT) 35 To examine the generality of the temperature effects on the binding of SSB to (dT) 35 at low salt we also examined binding to (dC) 35 under similar conditions (buffer H, 20 mM NaCl). Two molecules of (dC) 35 can also bind to the SSB tetramer with a salt-dependent negative cooperativity, although the extent of this negative cooperativity is lower for (dC) 35 than for either (dT) 35 or (dA) 35 [22, 24] .
Binding of (dC)
As for (dT) 35 , the temperature dependences of ΔH 1,35,obs and ΔH 2,35,obs for the binding of (dC) 35 show opposite trends increasing and decreasing in magnitude with increasing temperature (Fig. 4A) . The heat capacity for binding the first (dC) 35 remains negative (ΔC P,1 b 0), although it deviates from linearity at T N 35°C. However, ΔH 2,35,obs remains relatively constant up to~25°C (ΔC P,2 ≤ 0), but then increases sharply with increasing temperature (ΔC P,2 N0). Both ΔH 1,35,obs and ΔH 2,35,obs are approximately 10 kcal/mol more negative than the corresponding values for (dT) 35 binding (see Fig. 3A ) reflecting a preference for SSB binding to the deoxycytosines as shown previously [22, 24] . As in the case of (dT) 35 , experiments performed in Tris buffer (data not shown) indicate that binding of both molecules of (dC) 35 is accompanied by the uptake of protons.
The van't Hoff plots of k 2,35,obs shown in Fig. 4B are practically linear over the entire temperature range. In fact, the sharp increase in ΔH 2,35,obs observed in the data in Fig. 4A shows up only as a very slight deviation in the linearity of the van't Hoff plot at the highest temperatures. This emphasizes the fact that it is often difficult to detect even large changes in binding heat capacity from measurements of a binding constant; one needs direct calorimetric measurements of ΔH. Due to the lower negative cooperativity associated with binding of the second molecule of (dC) 35 , the values of k 2,35,obs are~10 fold higher than the corresponding values for (dT) 35 and therefore can be determined (as well as values of ΔH 2,35,obs ) over a broader temperature range (up to 38°C). These results indicate that the binding of (dT) 35 and (dC) 35 to SSB displays similar thermodynamics, supporting a general mechanism for SSB interactions with these short ssDNA (see Discussion section). 3.3. At higher salt concentrations (N0.2 M) binding of the first and the second molecule of (dT) 35 shows a similar behavior but displays significant effects of salt concentration and type
Our previous thermodynamic studies of the binding of SSB to (dT) 70 showing a temperature-dependent sign reversal for the binding heat capacity were performed at monovalent salt concentrations ≥ 0.2 M [27] . Hence, for comparison, we next examined the binding of (dT) 35 to SSB at these higher salt concentrations from 6 to 38°C at 0.2 and 1.0 M NaCl and NaBr. The binding isotherms were fit to a two site binding model and the resulting binding parameters (ΔH 1,35,obs , ΔH 2,35,obs and k 2,35,obs ) are shown in Fig. 5 . Again, we note that k 1,35,obs could not be determined reliably for most of the titrations due to the high binding affinity of the first (dT) 35 .
Binding of the first and second (dT) 35 molecules to SSB in 0.2 M NaCl (see Fig. 5A ) is accompanied by large, negative binding enthalpies differing in magnitude |ΔH 1,35,obs | b |ΔH 2,35,obs |, but showing similar linear temperature dependences below 25°C (ΔC P,1,35,obs ≈ ΔC P,2,35,obs , see Table 1 ). Similar behavior is observed in 0.2 M NaBr (Fig. 5B and Table 1 ), although the binding enthalpies are shifted by~8-10 kcal/mol reflecting the previously observed effects of Br − vs. Cl − [23, 27] .
Importantly, for both salts, ΔH 2,35,obs starts to increase at temperatures above 30°C indicating that ΔC P,obs becomes positive indicating a sign reversal, although this change is less dramatic than at lower salt conditions. Increasing the salt concentration to 1 M (see Fig. 5A and B) results in a significant increase in both ΔH 1,35,obs and ΔH 2,35,obs at all temperatures with larger effects for NaBr as shown previously at 25°C [23, 27] . However there is little difference in ΔC P at the different salt concentrations (see Table 1 ). One interesting difference is that at either 1 M NaCl or 1 M NaBr, binding of the first (dT) 35 molecule shows a slightly more favorable enthalpy than for the second molecule |ΔH 1,35,obs | N |ΔH 2,35,obs |.
Estimates of ion uptake/release upon binding the second molecule of (dT) 35 to SSB
The data in Figs. 3C and 5C allow us to examine the dependencies of logk 2,35,obs on log[salt] at 15 20, 25 and 30°C (see Fig. 6A and B) . Within this temperature range all k 2,35,obs show linear van't Hoff plots at each salt concentration (0.02 M; 0.04 M; 0.2 M and 1.0 M). Fig. 6A and B shows that at each temperature the affinity first increases and then decreases with increasing salt concentration, indicative of a net uptake of ions (SK obs ≡ (∂logk/∂log[salt]) T N 0) at low salt concentrations and a net release of ions (SK obs ≡ (∂logk/∂log[salt]) T b 0) at higher salt concentrations. The salt dependences obtained previously in NaCl and NaBr at 25°C [23] are also included for comparison.
It is evident that the slopes (SK obs ) in Fig. 6 are temperature dependent reflecting an effect of temperature on ion uptake/release. The estimates of SK obs based on only two salt concentrations at both low (0.02 and 0.04 M) and high (0.2 M and 1 M) salt are plotted as a function of temperature in Fig. 6C and D, respectively. In the high salt region (Fig. 6D ) the net release of Na + plus Br − is higher than for Na + plus Cl − , although both slopes decrease as the temperature increases. In the low salt region (Fig. 6C) there is no detectable effect of anions on k 2,35,obs , whereas the net uptake of ions (most likely Na + ) decreases with increasing temperature. Since SK obs is temperature dependent it follows from Eq. (5) [28] that ΔH obs must be dependent on [salt] .
Applying Eq. (5) in the high salt range, where NaCl or NaBr concentrations are changing from 0.2 to 1 M, we estimate that the expected shift in the magnitude of ΔH 2,obs , associated with the release of Cl − or Br − ions should be~17-18 kcal/mol, which is in good agreement with the observed shift of~20 kcal/mol (see Fig. 5A or B).
In the low salt range (from 0.02 to 0.04 M), where the enthalpy change is associated with the uptake of cations, Eq. (5) predicts añ 7 kcal/mol shift in the magnitude of ΔH 2,35,obs , which is consistent with the fact that the observed enthalpy becomes 5-10 kcal/mol more negative at 40 mM [salt] (see Fig. 3 ; see also Fig. 7 in reference [23] ).
It is important to note that in the analysis presented above we have not corrected either k 2,35,obs or ΔH 2,35,obs for the slight contribution due to the change in pH with temperature or for the contribution due to protonation of SSB upon binding (dT) 35 . These effects appear to be temperature dependent only [25, 27] and should contribute equally at each particular salt concentration. Consequently, when k obs , and ΔH obs are analyzed in terms of derivatives relative to [salt] (either SK obs or ∂ΔH obs /∂log[salt], for example) these pH and protonation effects should cancel.
Discussion
The molecular basis for heat capacity changes in macromolecular interactions has been the subject of much interest [24, 25, 27, [38] [39] [40] [41] [42] [43] [44] [45] [46] and 35 obtained from linear-least squares analysis of data at low temperature (5-25°C) at moderate (0.2 M) and high (1.0 M) concentrations of NaCl and NaBr (buffer H).
Salt concentration
ΔCp1,35 kcal mol several origins have been proposed: (1) net burial of nonpolar surface area upon complexation (hydrophobic effect) [38, [40] [41] [42] (2) changes in the vibrational modes of the macromolecules and participating water [38, 43, 46] , and (3) thermodynamic coupling of one or more binding or conformational equilibria to the main binding reaction of interest [24, 25, 27, 38, 39, 47, 48] . We have observed that multiple temperaturedependent linked equilibria, including protonation, cation and anion binding, as well as protein and DNA conformational changes contribute significantly to the observed binding heat capacity of SSB-ssDNA interactions [24, 25, 27] . Observations such as these indicate that the origins of these heat capacity changes are complex and cannot be understood simply from structural information (i.e., changes in accessible surface area). Our previous studies of SSB binding to (dT) 70 performed at moderate and high salt concentrations showed a dramatic temperature dependent change in the sign of the binding heat capacity. We observed that ΔH obs decreased with temperature from 5°to 35°C (ΔC p,obs b 0), but then increased at higher temperatures up to 60°C (ΔC p,obs N 0) and that both salt concentration and anion type have large effects on ΔH obs and ΔC p,obs . To explain these observations we suggested a model in which SSB protein can undergo a temperature dependent conformational transition (below 35°C), the midpoint of which shifts to higher temperature (above 35°C) for the SSB-ssDNA complex and that this transition is modulated by salt concentration and anion type [27] . Here, we have examined the heat capacities for binding of SSB to one vs. two molecules of (dT) 35 or (dC) 35 and show that the change in the sign of the heat capacity occurs as well, but only for the binding of the second DNA molecule. This suggests that this temperature-dependent sign reversal of the heat capacity is a property that results from the formation of a fully wrapped SSB-ssDNA structure. Furthermore, a temperaturedependent conformational change, or rearrangement of the SSBssDNA complex is the likely origin of this sign reversal of the binding heat capacity. At a minimum this indicates that the number of thermally accessible states increases upon binding a second molecule of (dT) 35 to form a fully wrapped SSB-DNA complex.
The previous studies of (dT) 70 binding to SSB had to be restricted to high salt concentrations (≥0.2 M) to ensure that only the fully wrapped (SSB) 65 binding mode is formed. The use of (dT) 35 or (dC) 35 allowed us to extend our studies to lower salt concentrations since one can readily differentiate SSB complexes formed with one vs. two molecules of (dX) 35 . SSB tetramers can bind two molecules of (dX) 35 at any salt concentration, although with negative cooperativity [21, 23] . Complexes of SSB bound to one vs. two molecules of (dX) 35 have been used as models for the (SSB) 35 vs. (SSB) 65 mode, thus these studies also may provide information on the thermodynamics of the transitions between SSB binding modes.
4.1.
Opposite heat capacity trends are observed for the binding of the first vs. the second molecule of (dX) 35 to an SSB tetramer Previous studies [22, 24] show that binding of either (dT) 35 or (dC) 35 occurs with negative cooperativity (k 1,35,obs NN k 2,35,obs ). Over a broad temperature range binding of both the first and the second molecules of DNA is enthalpically driven with ΔH 2,35,obs b ΔH 1,35,obs . We show here that the heat capacity for binding the first molecule of (dX) 35 is always negative. However, for binding of the second molecule of (dX) 35 , the binding heat capacity changes sign from negative to positive with increasing temperature. This suggests that the previously observed temperature-dependent reversal of sign of the heat capacity for binding of SSB to (dT) 70 is a property of forming a fully wrapped SSB-ssDNA complex, such as what is observed in the (SSB) 65 binding mode.
What might be the molecular basis for this behavior? It has been shown that preferential binding of anions to SSB and their concomitant release upon formation of the SSB-ssDNA complex results in salt dependent ΔH obs and ΔCp, although these effects diminish as the salt concentration decreases [27] . Another large contribution to ΔH obs and ΔCp is linked protonation reactions that accompany the formation of SSB-ssDNA complexes [24, 25] . These protonation reactions are temperature dependent and thus can potentially contribute differentially to ΔH obs at different temperatures as well as to K obs . Since the protonation sites on SSB have been identified and quantified previously [24, 25, 27] we can correct our current data (both ΔH obs and observed association constant k 2,35,obs ) for these contributions (see Supplementary materials). The corrected data from Fig. 3A and C obtained in Hepes buffer are combined with the data obtained in Tris buffer (20 mM NaCl) in Fig. 7B and A, respectively. These data clearly indicate that the opposite behaviors of the heat capacities for binding the first vs. the second molecule of (dT) 35 with SSB remain. The overall ΔH tot,35,obs (ΔH 1,35,obs + ΔH 2,35, obs ) shows a decrease followed by an increase with temperature above 28°C (see Supplementary Fig. S2 ). The change in the sign of ΔC P,obs observed previously in experiments performed with (dT) 70 at higher salt concentrations (≥0.2 M) occurred at higher temperatures (35-40°C) [27] . There are only a few examples of a positive heat capacity change for a protein-DNA association reaction. One has been reported for the binding of a mutant Sac7d protein to poly(dGdC) [48] and was ascribed to conformational changes within the protein-DNA complex. The other example is our previous observation of a positive heat capacity change for the binding of SSB to (dT) 70 at high temperatures [27] .
4.2.
Large enthalpy driven rearrangements of the SSB-ssDNA complex may explain the positive heat capacity for binding the second DNA molecule
We suggest Scheme 1 to explain the sign reversal in the heat capacity change for binding of the second (dX) 35 molecule. In this scheme, "loose" binding of the second (dX) 35 to an SSB-(dX) 35 complex is followed by a rearrangement of both DNA molecules within the complex. In the initial 1:1 complex the first molecule of (dX) 35 interacts with an average of two SSB subunits (possibly as shown in Fig. 1B ) leaving two DNA binding sites (OB folds) partially available for the binding of the second (dX) 35 . The second DNA can bind to one of these sites, although it may also readily dissociate due to constraints (both configurational and electrostatic) imposed by the first bound DNA molecule. It has been shown that SSB can diffuse along ssDNA possibly using a "rolling mechanism" that incorporates unwrapping/rewrapping of the ends of bound ssDNA molecule [19, 49, 50] . A similar mechanisms could be used by the second (dX) 35 to obtain the optimal configuration for both molecules to form a complex similar to the (SSB) 65 binding mode (Fig. 1A) . This rearrangement should be entropically unfavorable and therefore would need to be accompanied by a large favorable binding enthalpy.
The data for (dT) 35 binding shown in Fig. 7A and B were globally fit to the model in Scheme 1 (Eqs. (2)-(4) (see Materials and methods)). The first two parameters of this Scheme, K 2 (at T ref ) and ΔH 2 , describe the loose binding of (dT) 35 to the preformed 1:1 SSB-(dT) 35 complex, while the second two parameters, T ref and ΔH*, reflect the conformational rearrangement within the 1:2 SSB-(dT) 35 Table 2 for parameters estimates) shows that this model provides a good description of the dependences of both k 2,35,obs and ΔH 2,35,obs on temperature. We note that this analysis has assumed that both ΔH 2 and ΔH* are independent of temperature in order to reduce the number of parameters in the model. The resulting parameters indicate that the first step for binding the second (dT) 35 occurs with weak affinity (
and a moderate binding enthalpy (ΔH 2 ≈−24 ±5 kcal/mol), whereas the subsequent conformational rearrangements within the complex are accompanied by a very large enthalpy change (ΔH 2 ≈−51±4 kcal/mol). The latter yields a very sharp change of K* with temperature (from K*=1 at T ref ≈33°C to K* =2.5×10 3 at T=5°C).
The same model can fit the data for (dC) 35 (Fig. 4) , after correction for protonation effects, yielding parameters with similar trends (see Table 2 ). However, for (dC) 35 the transition temperature, T*, is shifted to a higher value (~38°C) indicating that formation of the fully wrapped (dC) 35 :SSB (2:1) complex is more favorable. Larger values for K 2 , and the overall ΔH 2,35obs (=ΔH 2 + ΔH*) reflect the preference of SSB for binding deoxycytosines over deoxythymidines [22, 24] .
Using the parameters in Table 2 from the fits to Scheme 1, we can calculate the thermodynamic profiles (Fig. 7C) for the binding of the second molecule of (dT) 35 from 0°C to 70°C (the temperature at which SSB starts to dissociate and unfold [27] ). We see that at temperatures below 30°C formation of the SSB-(dT) 35 (1:2) complex is more favorable energetically and is driven by a large enthalpy change needed to overcome the unfavorable entropic contribution accompanying the DNA rearrangement within the complex. On the other hand as the temperature increases formation of the SSB-(dT) 35 (1:2) complex becomes much less favorable and the equilibrium shifts to favor a (1:1) complex. Thus, this model predicts that increasing temperature should increase the observed negative cooperativity for binding a second molecule of (dX) 35 . The effects of temperature on the negative cooperativity parameter have been examined for (dT) 16 binding to SSB, but only over a limited low temperature range (8°C to 25°C) [21] . These show a slight trend in the predicted direction, although a much wider temperature range needs to be examined to provide a rigorous test of this prediction. However, the current thermodynamic profiles shown in Fig. 7C suggest that the fully wrapped (SSB) 65 mode would be preferred at lower temperatures, whereas the (SSB) 35 binding mode would be favored at higher temperatures.
4.3.
The thermodynamics of forming a fully wrapped SSB complex using either one molecule of (dT) 70 or two molecules of (dT) 35 are very similar at moderate and high salt concentrations
Anions have a negligible effect on ΔH 1,35,obs and ΔH 2,35,obs and the apparent affinity (k 2,35,obs ) at low salt concentrations over the temperature range that we have examined (see Fig. 3 ). This indicates that these anions bind weakly to the SSB tetramer and thus do not contribute much to the observed parameters at low salt [23, 27] . However, above 0.2 M significant anion effects are observed (see Fig. 5 ).
In the high salt range, the magnitudes of both ΔH 1,35,obs and ΔH 2,35, obs decrease significantly as the salt concentration increases and this effect is much more pronounced in NaBr. In addition, the temperature dependences of ΔH 2,35,obs change its sign (ΔCp 2 b 0) and can be approximated as linear over the temperature range from 5 to 25°C. Both ΔCp 1,35,obs and ΔCp 2,obs appear to be similar within experimental uncertainties and vary within −0.35 to −0.47 kcal/mol deg (see Table 1 ). However, there appears to be a trend toward a somewhat larger magnitude of ΔCp determined in NaBr. These observations are consistent with those obtained for (dT) 70 binding to SSB tetramer under the same conditions [27] . Indeed, the temperature dependences of the total enthalpy for the binding of two (dT) 35 molecules (ΔH tot,35,obs = ΔH 1,35,obs + ΔH 2,35,obs ) are in a good agreement with those for (dT) 70 binding (see Supplementary Fig. S2 and Table 1 for comparison of ΔCp 35,tot and ΔCp 70 ). Therefore, formation of the fully wrapped SSB-(dT) 35 (1:2) complex and the fully wrapped SSB-(dT) 70 (1:1) complex is affected by salt similarly [23, 27] . These results also suggest that the final complexes of an SSB tetramer bound with one molecule of (dT) 70 or two molecules of (dT) 35 at moderate and higher salt conditions are identical in terms of ssDNA wrapping and resemble the (SSB) 65 binding mode.
It is remarkable to note that the dependences of ΔH 70,obs on temperature obtained previously at 0.20 M monovalent salt concentrations [27] show a reversal of the sign of ΔCp 70 at 38-40°C. Under the same conditions our data clearly show the same trend for ΔH 35,tot Table 2 Parameters for the binding of the second (dX) 35 molecule to SSB:(dX) 35 at temperatures above 30°C (see Supplementary Fig. S2 ), primarily due to the contribution from ΔH 2,35,obs , (see Fig. 5A and B). Since we ascribe the positive ΔCp, 35,obs N 0 to temperature dependent rearrangements of (dT) 35 molecules within the complex, we suggest that the interaction of (dT) 70 with SSB undergoes similar conformational changes. In this case, (dT) 70 first forms a partially bound complex (possibly resembling the (SSB) 35 binding mode), but must then rearrange to form the fully wrapped (SSB) 65 binding mode. The formation of the latter is favored at increased salt concentrations and decreased temperatures, whereas formation of the (SSB) 35 mode is favored at low salt and increased temperatures. Salt concentration, ion type, temperature and SSB concentration are all important factors in determining the preferences for forming the different modes of ssDNA binding to SSB, which, in turn, may function to regulate the variety of roles that SSB plays in DNA metabolic processes [2] .
